We investigated the noise properties of dc superconducting quantum interference device flip-chip magnetometers with submicrometer-wide bicrystal junctions operating at 77.4 K. The noise of the magnetometers with electronics was about 6 fT/ͱHz at frequencies above 100 Hz increasing up to about 20 fT/ͱHz at 1 Hz. The operation of the magnetometers was characterized in an electronic axial first order gradiometer system, which was employed for biomagnetic measurements. The system demonstrated a gradient resolution of about 1 fT/cmͱHz at 77.4 K and stable operation in a standard magnetically shielded room under clinical conditions.
At the present stage of the development of high temperature superconductor ͑HTS͒ technology a production of HTS dc superconducting quantum interference device ͑SQUID͒ magnetometers with a magnetic field resolution below 10 fT/ͱHz at 77.4 K is possible. [1] [2] [3] A further improvement of the resolution and yield of the sensors is required for the development of multichannel systems. The sensitivity of dcSQUIDs can be improved with Josephson junctions having a higher normal state resistance R n and characteristic voltage V c ϭI c R n , where I c is the critical current of the junction. It was observed 4, 5 that the I c R n product of bicrystal junctions increases with critical current density J c as I c R n ϰ(J c ) 0.6 . In order to keep I c fixed at an optimal level for SQUID operation, to provide narrow junction conditions, and simultaneously to increase J c and R n it is necessary to reduce the junction width to a submicrometer scale. It is very important to prove the quality and applicability of such submicrometer junctions for HTS dc-SQUID magnetometers operating at 77.4 K.
The development, optimization, and demonstration of HTS structures are very effective by incorporating them in a system for some particular sophisticated application. Biomagnetic measurements are especially interesting because they require an ultimate combination of field and spatial resolution achievable exclusively with SQUID sensors. A flip-chip arrangement of the SQUID with a multiturn flux transformer allows to obtain the magnetometers with the highest resolution, which is partially limited by the noise of the junctions. Here we present the characteristics of HTS dc-SQUID flipchip magnetometers with submicrometer-wide bicrystal junctions and their operation in a magnetocardiography ͑MCG͒ system under clinical conditions at 77.4 K.
The high-oxygen-pressure dc-sputtering technique 6 was used for the deposition of the YBa 2 Cu 3 O 7Ϫx films on 24°b Two encapsulated magnetometers were fixed parallel to each other on a fiberglass epoxy rod. The gradiometer baseline of 10 cm is determined by the distance between the flux transformers of the magnetometers. Two channel ac-bias electronics ͑Cryoton͒ provided a simultaneous operation of the magnetometers and an electronic subtraction of the output signals. The sensors were immersed in liquid nitrogen in a 1.5 l fiberglass epoxy cryostat. The cryogen hold time of the cryostat with the gradiometer insert was 10 days. The cold-warm distance at the cryostat bottom was about 10 mm.
The measurements were performed in the magnetically shielded room ͑MSR͒ of the Franz Volhard Hospital, Berlin. The current shielding factor of the MSR is about 10 4 at 50 Hz and about 10 at 0.1 Hz. A slow variation of the magnetic field in the middle of the MSR was observed during the daytime. A typical time constant of this drift was about 10 s and the amplitude was up to 5 nT. No active compensation of this low-frequency environmental field noise in the MSR was performed during the measurements. The feedback of the electronics was adjusted to follow the maximal changes of the magnetic field in the MSR.
The system noise spectrum with one of the individual magnetometers ͓curve ͑a͔͒ and the spectrum of the differential signal ͓curve ͑b͔͒ are presented in Fig. 2 . The observed increase of the field noise at 1 Hz is associated with the reduced shielding factor of the MSR at low frequencies. The magnetic field signals observed in the frequency range from 10 to 30 Hz ͓curve ͑a͔͒ were mainly caused by building vibrations. In a HTS shield the individual magnetometers demonstrated a field noise below 10 fT/ͱHz down to 10 Hz increasing up to 20 fT/ͱHz at 1 Hz ͓curve ͑c͔͒.
In the differential signal an essential part of the noise determined by the low frequency signal, vibrations effects, and 50 Hz interference is subtracted. Taking into account the 10 cm baseline of the electronic gradiometer the spectrum of the differential signal is presented in Fig. 2 with the calibration scale on the right in (fT/cmͱHz) units. The resolution of the gradiometric signal is below 1 fT/cmͱHz at frequencies above 100 Hz and below 2 fT/cmͱHz in the frequency range down to about 4 Hz. No 50 Hz filter was applied during the measurements presented in Fig. 2 . At lower frequencies there is a significant increase of the noise due to the uncompensated part of the magnetic field drift in the MSR. An active compensation of the environmental field in the MSR would improve the low-frequency resolution of the system. The white noise of the electronic gradiometer exceeded the noise of the individual magnetometers by a factor of about ͱ2 in accordance with theoretical expectations.
The MCG measurements were performed in the MSR with a volunteer having a maximal peak-to-peak amplitude of about 30 pT for the magnetic signal of the heart. Both magnetometer signals were measured with a simultaneous recording and processing of the differential signal. The realtime result of the subtraction of the reference channel is demonstrated in Fig. 3 . A line-frequency synchronous filter combined with a bandpass filter suppressed the residues of 50 Hz interference with its harmonics. The measurement frequency bandwidth ͑0.03-125͒ Hz covered the most significant frequency range of the heart signal. The observed peak-to-peak amplitude of the noise band is about 500 fT. This corresponds to an effective resolution of S f 1/2 ϳ17 fT/ͱHz. The stability of the system operation was demonstrated by the measurements of MCG maps. Similar to a standard 1-channel MCG mapping ͑see, e.g., Ref. 8͒, the magnetic field measurements were carried out at a 6ϫ6 rectangular grid over the thorax with a distance of 4 cm between neighboring positions of the measurements in both directions ͑see Fig. 4͒ . The total scan area was 20ϫ20 cm 2 . At each point the differential signal was averaged for 30 s. The simultaneously measured electrocardiography channel served as a trigger. The earlier-mentioned drift of the magnetic field in MSR of around 0.1 Hz and the effect of breathing caused some shifts of the averaged differential signal in Fig. 4 .
Equi-inductional maps of magnetic field distribution were plotted on the basis of a two-dimensional interpolation according to the minimum curvature surface method ͑see Fig. 5͒ . The MCG measurements for one mapping took about 30 min. The magnetometers demonstrated a stable operation with no changes in the noise characteristics during the measurements. This allowed low noise two-dimensional plots of the magnetic field distribution to be obtained. The characteristics of the magnetometers were not changed even after a year of storage and multiple tests accompanied by thermal cyclings.
The demand to improve the parameters of HTS Josephson junctions has determined the present trend of reducing of the junction width to a submicrometer scale. In this case the main difficulty is how to maintain the superconducting parameters at 77.4 K in narrow bicrystal junctions preventing degradation during the patterning process. Possible reasons for the degradation are chemical reactions in a humid atmosphere and deoxygenation of the YBa 2 Cu 3 O 7Ϫx films. Both occur about 100 times faster along the bicrystal boundary compared to single crystalline films in the c-axis direction. It is important to achieve the highest possible microstructural quality of the YBa 2 Cu 3 O 7Ϫx film and to keep the substrate cold during the ion beam etching process. A subsequent encapsulation then ensures the long-term stability of the sensor. The average size of the growth spirals of the YBa 2 Cu 3 O 7Ϫx films, deposited by the high-oxygen-pressure dc-sputtering technique, 6 is about 1 m compared to the about 0.3 m grains of conventional laser-ablated films. 9 This makes it possible for the sputtered films to produce junctions between the individual growth spirals, thus contributing to the homogeneity and increasing the tunneling part of the critical current density of the junction. 10 A detailed study of the transport and microstructural properties of submicrometer-wide bicrystal Josephson junctions prepared with the sputtered YBa 2 Cu 3 O 7Ϫx films is in progress.
In conclusion, we investigated HTS dc-SQUID flip-chip magnetometers with submicrometer-wide bicrystal Josephson junctions. The overall resolution and stability of the flipchip magnetometers was demonstrated by operation at 77.4 K in a biomagnetic measurement system. The characteristics of the system correspond to demands for routine MCG measurements under clinical conditions in a standard magnetic shielded room. 
